Glycine receptor (GlyR) truncations in the intracellular TM3-4 loop, documented in patients suffering from hyperekplexia and in the mouse mutant oscillator, lead to non-functionality of GlyRs. The missing part that contains the TM3-4 loop, TM4 and C-terminal sequences is essential for pentameric receptor arrangements. In vitro co-expressions of GlyRa1-truncated Ndomains and C-domains were able to restore ion channel function. An ionic interaction between both domains was hypothesized as the underlying mechanism. Here, we analysed the proposed ionic interaction between GlyR N-and Cdomains using C-terminal constructs with either positively or negatively charged N-termini. Charged residues at the Nterminus of the C-domain did interfere with receptor surface expression and ion channel function. In particular, presence of negatively charged residues at the N-terminus led to significantly decreased ion channel function. Presence of positive charges resulted in reduced maximal currents possibly as a result of repulsion of both domains. If the C-domain was tagged by a myc-epitope, low maximal current amplitudes were detected. Intrinsic charges of the myc-epitope and charged N-terminal ends of the C-domain most probably induce intramolecular interactions. These interactions might hinder the close proximity of C-domains and N-domains, which is a prerequisite for functional ion channel configurations. The remaining basic subdomains close to TM3 and 4 were sufficient for domain complementation and functional ion channel formation. Thus, these basic subdomains forming ahelical elements or an intracellular portal represent attractants for incoming negatively charged chloride ions and interact with the phospholipids thereby stabilizing the GlyR in a conformation that allows ion channel opening.
Glycine receptors show a modular architecture and are composed of independent folding domains (Villmann et al. 2009; Haeger et al. 2010) . From an evolutionary point of view, the mosaic structure of ion channels points towards generation of novel channel proteins by an assembly of domains with previous other functions. This has been extensively studied on excitatory glutamate receptors harbouring LIVBP domains (leucine-, isoleucine-, valinebinding proteins from bacteria) important for receptor assembly and LAOBP domains (leucine-arginine-ornithine-binding proteins) forming the ligand-binding cavity composed of two regions S1 and S2 from the same subunit (Schorge and Colquhoun 2003; Matsuda et al. 2005) . In between domains S1 and S2 a pore unit was inserted most probably from an ancestral potassium channel (Hoffmann et al. 2006; Ger et al. 2010) . For the glycine receptor, the Nterminal domain is highly homologous to the acetylcholinebinding protein (AchBP) and the bacterial homologous receptors from Gloeobacter violaceus (GLIC) and Erwinia crysanthemii (ELIC) (Unwin 2005; Bocquet et al. 2007 Bocquet et al. , 2009 Hilf and Dutzler 2008) . The origin of the pore domain, the large intracellular loop between transmembrane domains (TM) 3 and 4, and the C-terminus remain unknown. The domain architecture of the GlyR was analysed in detail using a truncated GlyRa1 variant present in the lethal mouse model oscillator. These mice die as a result of the lack of the intracellular loop between transmembrane domains 3 and 4 (TM3-4), TM4 and the C-terminus (Kling et al. 1997 ). An in vitro domain complementation approach showed restoration of ion channel function when the lacking protein portion was co-expressed in the same cell (Villmann et al. 2009) . A consecutive truncation of the C-terminal GlyRa1 domain from its N-terminal end exhibited a proportional decrease in ion channel functional efficacy with increasing truncations of TM3-4 loop sequences (Unterer et al. 2012 ). An intermolecular ionic interaction was hypothesized as being required for functional channel formation (Villmann et al. 2009; Unterer et al. 2012) .
Glycine mediates inhibitory neurotransmission in the adult spinal cord and brainstem via its binding to GlyRs. Fast inhibitory neurotransmission is important for coordinated movement and respiratory rhythm (Winter et al. 2009; Janczewski et al. 2013) . GlyRs undergo developmental regulation after birth, switching from the neonatal a2 receptors to the adult heteromeric receptors mainly composed of a1b and a3b subunits (Becker et al. 1988; Watanabe and Akagi 1995) . Disturbances in glycinergic neurotransmission lead to neuromotor disorders, affect pain sensation processes and are associated with autism spectrum disorders (Harvey et al. 2004 (Harvey et al. , 2009 Chung et al. 2010 Chung et al. , 2013 Bode and Lynch 2014; Schaefer et al. 2015; Pilorge et al. 2016) .
GlyRs are members of the superfamily of Cys-loop receptors. Upon binding of glycine, an intrinsic anion channel opens. GlyRs are composed of several domains with the large N-terminal extracellular domain mediating ligand binding followed by TM1-4 connected by intra-and extracellular loop structures, and a short extracellular Cterminus. The TM3-4 loop sequence has been assigned to harbour a-helical subdomains and chloride-attracting portals important for desensitization kinetics and single-channel conductances (Carland et al. 2009; Baptista-Hon et al. 2013; Papke and Grosman 2014; Burgos et al. 2015) . TM2 forms the inner wall of the ion channel pore and undergoes large anticlockwise transitions during ion channel opening processes (Akabas et al. 1994; Unwin 1995; Du et al. 2015) .
Here, we describe a detailed in vitro analysis of the hypothesized intermolecular interactions of GlyRa1 N-and C-domains. Especially charges at the N-terminus of the GlyRa1 C-domain corresponding to residues of the intracellular TM3-4 loop were investigated. Our data show that negatively charged ends interfere with receptor assembly and almost prevent functional ion channel formation. Addition of positively charged residues resulted in less rescue efficacy compared to co-expressions of two GlyRa1 domains representing together the full-length GlyRa1 sequence. The presence of a myc-epitope at the N-terminal end of the C-domain also affected ion channel formation. We conclude that the molecular mechanism behind the interaction of independent folding domains is uncoupled from an ionic interaction between domains. Charged residues, either positive or negative, at the loose N-terminal end of the C-domain might induce intramolecular interactions that hinder both domains from capturing the required conformation for functional GlyRa1 ion channel formation. The presence of basic subdomains 318 RRKRR and 393 KK was sufficient for half-maximal GlyR efficacy. Hence, these basic subdomains are essential as attractant for incoming chloride ions to guide them to the intracellular compartment or for interactions with the negatively charged phospholipids. Thus, the proposed mechanism of ion guidance is in line with the intracellular portal formation of positively charged residues localized close to N-and C-terminal ends of the TM3-4 loop.
Materials and methods

Statement of institutional approval for the experiments
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Site-directed mutagenesis
For generation of truncated murine GlyRa1 C-domain constructs (Fig. 2 ), primers were designed (Life Technologies, Darmstadt, Germany) containing the appropriate multiple nucleotide exchanges. All constructs contained a signal peptide at the N-terminus to allow ER (endoplasmic reticulum) export and membrane sorting. The constructs harbouring or lacking the N-terminal myc-epitope in addition were amplified from template GlyRa1 myc-iD-TM4 or iD-TM4 (Villmann et al. 2009 ), respectively. The following primers were used for overlap extension PCR mutagenesis: and forward 5 0 -GTCCACAACAAGGAGGAGCAAAAGCTCAT TTCTGAA-3 0 and reverse 5 0 -CGGAATTCTCACGCACAAGAGT TCCGTAGCTGT-3 0 (iD-TM4-myc). Other constructs (e.g., myc-D22-iD-TM4, myc-D55-iD-TM4, myc-D62-iD-TM4, iD-TM4, D62-iD-TM4) have been described previously (Villmann et al. 2009; Unterer et al. 2012) . PCR conditions were set up as follows: 100 ng of template DNA, 10 mM each dATP, dCTP, dGTP and dTTP, 100 pmol of each sense and antisense primer and 2 Units Pfu DNA polymerase (Promega, Mannheim, Germany) in supplied polymerase buffer. PCR conditions were as follows: 28 cycles with 1 min 95°C, 2 min 55°C and 4 min 72°C. The last cycle ended with a 10 min 72°C amplification step. In the second round of PCR, both mutated fragments were used as templates and submitted to two cycles without primers to allow efficient annealing within the overlapping region. Finally, parental primers (forward 5 0 TAGGTGACACTATAGAA TAACAT3 0 , reverse 5 0 AACCATTATAAGCTGCAATAAAC3 0 ) were added for amplification of the final PCR fragment. All mutated clones were sequenced across the PCR-generated sequence to verify successful mutagenesis (LGC Genomics, Berlin, Germany).
Cell lines
The human cell-line HEK293 (human embryonic kidney, ATCC Cat# CRL-1573, RRID:CVCL_0045) was used for all in vitro experiments. Cells were grown in Minimum Essential Media (MEM, Life Technologies) supplemented with 10% foetal calf serum, L-glutamine (200 mM) and 50 U/mL penicillin and streptomycin at 37°C and 5% CO 2 .
Transfection of cells
Following 24 h, cells at a confluency of 75% were transfected using calcium phosphate precipitation. The transfection ratio of N-and C-domains was 1 : 1 for proteinbiochemical assays (biotinylation) and 1 : 1 : 1 N-domain:C-domain:GFP green fluorescent protein for immunocytochemical stainings. When single domains were expressed, the cDNA amount transfected was adjusted to coexpression DNA levels by adding empty plasmid DNA (MOCK control). Transfections for electrophysiological recordings used a 1 : 2 ratio of N-domain to C-domain. Here, transfected cells were identified by co-transfection of GFP. Cells were washed 6 h posttransfection and used for immunocytochemical stainings, protein biochemical analysis or recordings 24-48 h after transfection.
Immunocytochemical stainings
To discriminate between general protein expression and surface localization, permeabilized cells and live stain experiments were used. Transfected HEK293 cells were fixed with 4% paraformaldehyde + 4% sucrose in phosphate-buffered saline for 10 min and permeabilized with blocking solution (PBS + 5% goat serum) containing 0.1% triton-X100 for 30 min at 23°C. Fixed, permeabilized cells were incubated with primary antibodies for 1 h at 4°C. Either the GlyR pan-a antibody MAb4a (1 : 500), which recognizes an epitope in the N-terminus (residues 96-105 of mature protein; SYSY, G€ ottingen, Germany), or a polyclonal antimyc antibody (1 : 500) 9E10, Santa Cruz; Heidelberg, Germany) was used for detection of N-and C-GlyR domains. In contrast to permeabilized cells, LIVE stain experiments (staining of living cells before fixation) used incubation with the primary antibodies (1 : 500, polyclonal anti-GlyRa1 antibody AB15012, Merck Millipore, Darmstadt, Germany; monoclonal anti-myc antibody SC-40, Santa Cruz) for 1 h on ice to prevent internalization of labelled proteins before fixation and secondary antibody incubation. As secondary antibodies gamCy3 or garAlexa488 (1 : 500) (Dianova, Hamburg, Germany) were used for 1 h at 23°C. 4,6-Diamidino-2-phenylindole was included (dilution of 1 : 5000) in the secondary antibody solution for labelling of the cell nuclei. Mowiol was used for mounting of cover slips. An Olympus microscope (fluoview ix1000, Olympus, Hamburg, Germany) was utilized for image productions from stained transfected cells.
Biotinylation of cell surface protein
For quantitative discrimination between whole-cell and surface protein, cell surface proteins were labelled with biotin and subsequently bound to streptavidin beads. The assay was performed 48 h post-transfection as described previously (Atak et al. 2015) . In brief, 48 h post-transfection, cells were incubated for 30 min with 1 mg/mL EZ-Link Sulfo-NHS-LC-biotin (sulfonosuccinimidyl-6-(biotin-amido)-hexanoate, followed by incubation with quenching buffer (192 mM glycine, 25 mM Tris in PBS, pH 8.0) for 10 min.
Following cell lysis and a centrifugation step for 1 min at 13 000 g, 80 lL of the supernatant was taken representing the whole-cell (WC) fraction. The remaining supernatant was incubated with 50 lL of streptavidin-agarose beads for 2 h at 4°C while rotating. A short centrifugation was used to spin down the beads. The remaining supernatant corresponds to the intracellular fraction (proteins not bound to beads). The bead fraction containing cellular surface proteins labelled with biotin are the cell surface (SF) fraction. The WC fraction and the SF fraction were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and stained with specific antibodies after Western blotting. The GlyRa receptor protein was stained using MAb4a (pan-a antibody recognizing residues 96-105; SYSY, G€ ottingen, Germany), a pan-cadherin antibody (Cell Signaling, Danvers, MA, USA) to stain cadherin as a marker protein for cell membranes, and the monoclonal anti-myc antibody (9E10, Santa Cruz) was used for detection of the GlyR C-domains.
Electrophysiological recordings
Electrophysiological recordings were performed in a whole-cell mode using the Patch-clamp technique. Maximal current amplitudes (I max ) from transfected HEK293 cells were estimated 24 h post-transfection upon application of saturating concentrations of glycine (1 mM). Application of the agonist glycine was done using a U-tube system bathing the suspended cell in a laminar flow of solution with a time resolution for equilibration of 10-30 ms. Signals were amplified with an EPC-9 amplifier (HEKA, G€ ottingen, Germany) controlled by Pulse Software (HEKA Electronics). The external buffer consisted of 137 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH adjusted to 7.4 with NaOH; the internal buffer was 120 mM CsCl, 20 mM N(Et) 4 Cl, 1 mM CaCl 2 , 2 mM MgCl 2 , 11 mM EGTA, 10 mM HEPES, pH adjusted to 7.2 with CsOH. Recording pipettes were fabricated from borosilicate capillaries (World Precision Instruments, Berlin, Germany) with a pipette resistance of 4-6 MΩ. Cells were held at À60 mV at room temperature (~22°C) during current measurements. Cells recorded and used for analysis had a capacitance between 12.0 and 14.7 pF. Cells with input resistances above 200 MΩ and leak currents below 400 pA were determined as healthy and used for data analysis. For each construct and domain coexpressions, the mean maximum current was calculated.
Concentration-response curves were constructed from the peak current amplitudes obtained with at least seven appropriately spaced concentrations of glycine (3, 10, 30, 100, 300, 1000 and 3000 lM). Using a non-linear algorithm (Microcal Origin), concentrationresponse data were first analysed using the following Hill equation
nHill /[glycine]n H +EC 50 n H , where I glycine refers to the current amplitude at a given glycine concentration, I 3 mM is the current amplitude at 3 mM concentration of glycine, EC 50 is the glycine concentration producing half-maximal current responses, and n H is the Hill coefficient.
Statistical analysis
For quantification of biotinylated proteins recognized by the pan-a antibody MAb4a (N-domain) or by the c-myc antibody (C-domain), surface or whole-cell pixel intensity was measured with Fiji ImageJ software (U. S. National Institutes of Health, Bethesda, Maryland, USA) (Schindelin et al., 2012) divided by corresponding loading control signal (pan-cadherin) and adjusted to wild type (wt, refers to full-length GlyRa1 subunit from mouse) or myc-RRKRRD22-iD-TM4 (C-domain). Relative expression values are presented AE SEM [%] . Following data analysis for normal distribution using the Anderson Darling test, data of 4-5 independent experiments were compared using a two-tailed T-test. A Mann-Whitney test was used for not normally distributed data, respectively, with a probability of error of < 0.05 considered significant.
Whole-cell current traces were transferred to Microcal Origin (Microcal Software, Inc.) and used for quantification of maximal current values (I max ). The I max values estimated from wt GlyRa1 transfected cells were set to 100%. Maximal current amplitudes obtained from domain co-expressions were divided by I max values from wt detected in the same experiment to determine the relative current amplitudes [I rel AE SEM (%)]. Measured data of all constructs were compared using T-test and the one-way ANOVA with a probability of error of p < 0.05 was considered significant.
Results
GlyR domain constructs used for functional complementation Glycine receptors are composed of independent folding domains. In previous studies, we were able to show that nonfunctional GlyRa1 truncations in the large intracellular TM3-4 loop (a1-trc) can be rescued by co-expression with the lacking protein portion (myc-iD-TM4, Fig. 1a -c) encoded on separate plasmids but within the same cell. The mode of interaction between the truncated N-terminal GlyRa1 domain (N-domain, Fig. 1 ) and the C-terminal protein harbouring most of the TM3-4 loop, TM4, and the C-terminus (henceforward called the C-domain, Fig. 1 ) is so far unclear. An ionic interaction was hypothesized between positively charged residues 318 RRKRR localized at the C-terminus of the truncated GlyRa1 N-domain (a1-trc) and negatively charged residues localized within the N-terminal part of the C-domain (Fig. 1c) or negatively charged phospholipids. These residues correspond to the large intracellular TM3-4 loop. Sequential truncations of the a1 C-domain from its Nterminal part demonstrated a proportional decrease in rescue efficacy between GlyRa1 N-and C-domains (Unterer et al. 2012) .
We modified the N-terminal end of the C-domain construct to understand the molecular basis of the proposed ionic interaction (Fig. 2) . Therefore, we constructed GlyRa1 Cdomains with positively charged, negatively charged or neutral (alanine) N-termini (Fig. 2) . Our constructs are based on recent data of N-terminal truncated C-domains by 22, 55 and 62 residues ( Fig. 2) (Unterer et al. 2012) .
Positively charged residues are mainly localized close to TM3 and TM4 and form a-helical elements (Fig. 1c, 2 ). In addition, basic residues close to TM4 form intracellular portals important to attract incoming chloride ions (Fig. 1c , 2) (Carland et al. 2009 ). One positively charged domain 318 RRKRR is localized intracellular close to TM3 in the Ndomain (Fig. 1c, 2 ). The 318 RRKRR domain has been determined as an important motif for GlyR membrane integration (Sadtler et al. 2003; Villmann et al. 2009 ). Cdomains RRKRR-iD-TM4 and myc-RRKRRΔ22-iD-TM4 were generated to analyse the relevance of this motif for biogenesis and functional complementation in a two-domain approach.
The truncations of the a1 C-domain lead to generation of N-terminal ends that lack 4 (Δ22) or 7 (Δ55, Δ62) negatively charged residues, which might be essential for an ionic interaction with 318 RRKRR at the N-domain (Fig. 2) . Negatively charged and neutral residues were added to the N-terminal ends of C-domains Δ55 and Δ62 to discriminate between effects of loop length and effects of charged residues (Fig. 2) . Truncated C-domains were generated either with a myc-epitope at their N-terminal end to allow detection or without any tag to diminish effects as a result of added tag sequences (Fig. 2) .
Increased surface expression of GlyR N-domain in the presence of C-domain constructs Using immunocytochemical stainings of living cells, no detection of the transfected C-domains was observed (Fig. 3) . Staining of live cells only allows for detection of extracellular epitopes recognized by the antibodies used. An extracellular myc-tagged GlyRb subunit was used as a positive control for the myc-antibody (anti-myc 9E10 antibody, Fig. 3a) . The GlyRa1 subunit was stained with a specific a1 antibody (polyclonal anti-GlyRa1 antibody AB15012) able to detect a native epitope in the GlyRa1 Nterminus. For truncated GlyRa1 (a1-trc), the observed cell surface staining was very faint and not a typical ring-like staining as usually observed for GlyRs at the plasma membrane (Fig. 3b) .
The C-domains were tagged with a myc-epitope at their intracellular N-terminal ends. The lack of staining for Cdomain constructs myc-RRKRRΔ22-iD-TM4, myc-EEΔ55-iD-TM4 and myc-EAEEΔ62-iD-TM4 is in line with the intracellular localized TM3-4 loop in the natural GlyR configuration (Fig. 3c-h ). Co-expressions of a1-trc with the different C-domains (myc-RRKRRΔ22-iD-TM4, myc-EEΔ55-iD-TM4 and myc-EAEEΔ62-iD-TM4) showed a clear signal for a1-trc at the cellular surface ( Fig. 3f-h , columns 1 and 4). To verify that the c-myc antibody was able to detect an extracellular exposed myc-epitope at the Cdomain, iD-TM4-myc was co-transfected with a1-trc ( Fig. 3i-j) . The construct iD-TM4-myc possesses a detectable C-terminal myc-epitope (Fig. 3i) corresponding to the extracellular GlyR C-terminus. Thus, lack of the myc-signal for C-domains harbouring a N-terminal myc-epitope is as a result of the intracellular location of the epitope not accessible by the antibody. A co-transfection with GFP was performed to demonstrate that the observed absence from the cell surface is not a consequence of large discrepancies in transfection efficiencies between single and co-transfections (Fig. 4a-c) . The same overall DNA amount was transfected. To adjust the DNA amount in single transfections, empty plasmid DNA was used. The transfection efficiencies were estimated from 3 to 5 slides and varied between 19 and 34% (lowest value EAEEΔ62 with 19 AE 3.5%; highest value a1-trc+RRKRRΔ22-iD-TM4 with 34 AE 11%), but did not reach significance levels (Fig. 4c) .
General C-domain expression was confirmed using permeabilized cells (Fig. 5) . The myc-tagged GlyRb subunit co-localized with GlyRa1 wt (Fig. 5a ). The construct a1-trc was clearly stained mainly within the ER compartment (Fig. 5b) . The signals for all myc-tagged C-domains were detectable in the intracellular cell lumen (Fig. 5c-e) . Following co-expression of a1-trc together with C-domains myc-RRKRRΔ22-iD-TM4, myc-EEΔ55-iD-TM4 and myc-EAEEΔ62-iD-TM4 co-localizations of both protein domains were observed ( Fig. 5f-h ).
Immuncytochemical detection of C-domains co-expressed with a1-trc suggested that the fraction of complemented GlyRs (a1-trc+C-domain) at the cell surface increased after co-expression. As the expression pattern of a1-trc alone revealed no typical surface staining, we next analysed quantitatively whether the fraction of a1-trc protein at the cell surface (detected by Mab4a antibody) increased after coexpression with different C-domains in biotinylation experiments.
To quantify the expression differences, surface proteins were differentiated from whole-cell protein by biotinylation (Fig. 6) . Pan-cadherin served as a membrane marker to control the amount of loaded protein. GFP was used as internal control for assay purity (Fig. 6b ). An analysis of the whole-cell protein expression revealed a significant reduction in a1-trc when expressed alone (a1-trc 14 AE 2%, n = 5; wt 100 AE 3.3%, n = 4, Table 1 ) and in co-expression with the C-domains compared to wt (25 AE 5.3% for myc- Bar diagram (GlyRa1 with amino acid residues 1-429) demonstrating the N-(residues 1-329) and C-domain (residues 329-429). The Ndomain (a1-trc, trc refers to truncated) contains the large extracellular ligand-binding domain, TM1-3 (numbered black boxes) and a short intracellular C-terminus. The C-domain (myc-iD-TM4, tagged with an N-terminal myc-epitope to allow detection of the construct) consists of most of the TM3-4 loop sequence, TM4 (black box) and the Cterminus. The TM3-4 loop truncation refers to known human (R314X) and mouse (oscillator) mutations associated with neuromotor deficits, (c) TM3-4 loop sequence -residues 309-400 of GlyRa1. Positively charged residues are marked by red (+), negatively charged residues with a red (À). The a1-trc ends at residues 327 PML. The GlyR Nterminus and the transmembrane domains (TM1-3) are marked by a light grey dotted box. The C-domain starts at the GlyRa1 residue 329 LNL. A myc-epitope was generated in front of the GlyR sequence to allow detection of the construct (striped box). TM4 and the C-terminus are marked by a dark grey dotted box. Furthermore, important domains of the TM3-4 loop are indicated with a-helical elements (blue box) and an intracellular portal (yellow box).
RRKRRΔ22-iD-TM4; 20 AE 5% for myc-EEΔ55-iD-TM4 and 17 AE 11% for myc-EAEEΔ62-iD-TM4, n = 5 for all three domain co-expressions, ***p < 0.001; Fig. 6a and c, Table 1 ). Interestingly, the significantly decreased a1-trc surface expression (11 AE 4.9% of wt, n = 5, **p < 0.01) increased up to wt levels (100 AE 13.3%, n = 4) upon co-expression with C-domains (61 AE 50% for myc-RRKRRΔ22-iD-TM4, n = 5; 91 AE 45% for myc-EEΔ55-iD-TM4, n = 4; and 96 AE 67% for myc-EAEEΔ62-iD-TM4, n = 5, Fig. 6a and c, Table 1 ). These data indicate that the assembly and transport of C-domains together with a1-trc increased a1-trc surface levels.
The transport of C-domains towards the cellular surface and correct orientation into the lipid bilayer has been obtained before (Unterer et al. 2012) . Whole-cell expression of the C-domains exhibited a non-significant decrease for myc-RRKRRΔ22-iD-TM4 upon co-expression with a1-trc (39 AE 14%, n = 4) compared to single expression of the same C-domain ( Fig. 6a and d, Table 1 ). Myc-EEΔ55-iD-TM4 displayed no significant differences compared to myc-RRKRRΔ22-iD-TM4 neither in single nor in co-expression with a1-trc (single expression 74 AE 9%, co-expression 70 AE 11%, n = 4). The myc-EAEEΔ62-iD-TM4 whole-cell expression was decreased compared to myc-RRKRRΔ22-iD-TM4, but did not differ between single and co-expression with a1-trc (single expression 45 AE 11% compared to 100 AE 5% for myc-RRKRRΔ22-iD-TM4, n = 4, *p < 0.05; co-expression 52 AE 15%, n = 4, *p < 0.05, Fig. 6a and d, Table 1 ). The analysis of the surface fractions exhibited a clear signal for all C-domains when expressed . Residues 'EE' or 'EAEE' were added to almost complete the C-terminal a-helical element present in the GlyRa1 TM3-4 loop. The localization of the intracellular portals (yellow) and a-helical elements (blue, #562) N-terminal to TM4 are marked. Constructs lacking 22, 55 and 62 residues were always designed with and without a myc-epitope (striped box).
alone (Fig. 6a) . The surface amount of the C-domains decreased with increasing deletion of the TM3-4 loop sequence (myc-RRKRRΔ22-iD-TM4 100 AE 17%; myc-EEΔ55-iD-TM4 40 AE 7%; myc-EAEEΔ62-iD-TM4, 10 AE 4%, *p < 0.05, n = 4 for all three combinations). This observation emphasizes again that lack of C-domain detection in non-permeabilized cells was a result of nonaccessibility of the myc-epitope rather than a general lack of expression. The modification in the C-domains by adding positively or negatively charged residues to their N-termini did not interfere with their principal ability to get transported to the cellular membrane ( Fig. 6a and d) . Co-expression of a1-trc together with C-domains myc-RRKRRΔ22-iD-TM4 and myc-EEΔ55-iD-TM4 exhibited similar surface expression levels compared to whole-cell expression of the same domain combinations (SF myc-RRKRRΔ22-iD-TM4 28 AE 9% compared to WC 39 AE 14%; SF myc-EEΔ55-iD-TM4 87 AE 10% compared to WC 70 AE 11%, n = 4). The surface expression of myc-EAEEΔ62-iD-TM4 was reduced in co-expression with a1-trc compared to whole-cell expression (SF 13 AE 5%, WC 52 AE 15%, n = 4), but comparable to single myc-EAEEΔ62-iD-TM4 expression (SF 10 AE 4%, see also Table 1 ). In conclusion, the N-and the C-domains exit the ER and integrate into the cellular membrane at least in the over-expression system.
Functional ion channel formation by domain co-expressions
The functional characterization of domain co-expressions was performed using whole-cell recordings from transfected HEK293 cells 48 h post-transfection. The determined Fig. 3 Representative images of cell surface expression by live stainings. To detect surface protein, cells were incubated with primary antibodies before fixation. Epitopes recognized by antibodies from the extracellular site will be reached. (a-h) GlyRa1 wt and a1-trc were recognized by a specific a1 antibody (first column). Myc-staining was absent in all images except (a) for GlyR b (second column) because of the intracellular presence of the myc-epitope at C-domains. Co-localization is depicted in the third column. GlyR a1 and GlyR b wt co-localized at the cellular surface (a). Note the surface expression of a1-trc upon co-expression with various C-domains (myc-RRKRRΔ22-iD-TM4, myc-EEΔ55-iD-TM4 and myc-EAEEΔ62-iD-TM4 (f-h)). (i-j) Co-expression of a1-trc and the GlyRa1 C-domain iD-TM4-myc carrying a C-terminal myc-epitope. (i) Staining with the 9E10 mycantibody on living cells. (j) GlyRa1 staining with the a1-specific antibody. White bars refer to 50 lm, transfection ratios used were 1 : 1 in co-expression. In single expressions, the same cDNA amount was transfected adjusted with MOCK DNA and thus comparable to domain co-expression.
maximal currents upon application of saturating concentrations of glycine (1 mM) were compared to a1 wt. Domain complementation experiments of the N-domain a1-trc and C-domain myc-iD-TM4 represent the full-length a1 sequence separated within the large intracellular TM3-4 loop into two domains (Fig. 2) . A separation of the GlyR into two domains resulted in a 48% reduction in the I max values AE SEM (reduction from 3.1 AE 0.2 nA for wt, n = 107 to 1.62 AE 0.2 nA, n = 51 for a1-trc+myc-iD-TM4, ***p < 0.05; Fig. 7a and b, Table 2 ). Representative traces for all domain co-expressions tested are shown in Fig. 7a . Previously it was demonstrated that sequential truncation of the a1 TM3-4 loop corresponding to the Cdomain resulted in a correlating decrease in maximal current amplitudes (Unterer et al. 2012) . To test whether the reduction in maximal currents upon truncation of the a1 C-domain from their N-terminal ends is caused by an ionic interaction, positively or negatively charged residues were added to the C-domains (Fig. 2) . The GlyRa1 N-domain a1-trc ends with the sequence 318 RRKRR (Fig. 1c) . The addition of positively charged residues to the N-terminal end of the full-length C-domain resulted in a further decrease in I max values (1.24 AE 0.15 nA, n = 20 for a1-trc+RRKRR-iD-TM4; *p < 0.05) arguing for repulsion between both positively charged ends (Fig. 7b, Table 2 ). The myc-epitope, e.g., in myc-iD-TM4 harbours negatively charged residues and might therefore also influence the maximal current amplitudes of domain co-expressions when localized at the N-terminus of the C-domains. We constructed a similar C-domain with a C-terminal myc-epitope (Fig. 2c) . Although expression of iD-TM4-myc at the cellular surface was clearly demonstrated (Fig. 3i) , the Ctagged C-domain was unable to restore GlyR functionality upon co-expression with the N-domain a1-trc (I max for a1-trc+iD-TM4-myc 0 AE 0 nA, n = 15, Fig. 7a , b, Table 2 ). Hence, a C-terminal myc-epitope most probably disrupts the integrity of the short GlyR C-terminus required for ion channel formation. To circumvent the functional interference of the myc-epitope with domain complementation, the myc-epitope of the C-domains was deleted. Construct iD-TM4 resulted in reduced maximal currents (a1-trc+iD-TM4 1.28 AE 0.3 nA, n = 10 compared to full-length wild-type a1 3.12 AE 0.2 nA, n = 107, Fig. 7b , Table 2 ). Truncation of the a1 C-domain by 22 residues lead to similar reductions in glycine-gated currents compared to domain co-expression of a1-trc with the full-length C-domain (a1-trc+myc-Δ22-iD-TM4, 1.27 AE 0.25 nA, n = 20 and 1.62 AE 0.18 nA for a1-trc+myc-iD-TM4, n = 51, ***p < 0.001, Table 2 ). Similar to the full-length C-domain with added positively charged residues at the N-terminus (RRKRR-iD-TM4), the Δ22 C-domain (myc-RRKRRΔ22-iD-TM4) generated one-third (32%) of GlyRa1 wt maximal currents (a1-trc+myc-RRKRRΔ22-iD-TM4 0.97 AE 0.2 nA, n = 13 compared to wt 3.12 AE 0.18 nA, **p < 0.01; Table 2 ). Deletion of the myc-epitope in the Δ22 C-domain resulted in an increase in I max values up to wt levels (a1-trc+Δ22-iD-TM4 2.99 AE 0.51 nA, n = 15 compared to wt 3.12 AE 0.2 nA, Fig. 7b , Table 2 ).
Truncation of the a1 C-domain by 55 or 62 amino acids led to small currents (a1-trc+myc-Δ55-iD-TM4 0.04 AE 0.02 nA, n = 19 representing 1.3 % of the wt I max and a1-trc+myc-Δ62-iD-TM4 0.03 AE 0.01 nA, n = 8, ***p < 0.001, Fig. 7b ). Constructs Δ55-iD-TM4 and Δ62-iD-TM4 contain positive-charged N-terminal ends. Negatively charged residues were added to verify whether this might prevent repulsion between the co-expressed domains. The addition of negatively charged residues did not generate functional ion channels when a1-trc was co-expressed with myc-EEΔ55-iD-TM4 (n = 16) or myc-EAEEΔ62-iD-TM4 (n = 11) (Fig. 7b , ***p < 0.001). Moreover, adding alanine residues instead of negatively charged residues also resulted in non-functionality when co-expressed with a1-trc (myc-AAΔ55-iD-TM4, n = 7 and myc-AAAAΔ62-iD-TM4, n = 10) (Fig. 7b) . Interestingly, removal of the myc-epitope from construct myc-EAEEΔ62-iD-TM4 increased I max values (EAEEΔ62-iD-TM4 0.3 AE 0.05 nA, n = 9, 11% of wt activity, Fig. 7b, Table 2 ), suggesting an intrinsic molecule interaction between charged amino acids localized within the myc-epitope and added negatively charged residues at the N-terminus of the C-domain. Finally, both the myc-epitope and the negatively charged residues were removed from the C-domains generating Δ55-iD-TM4 and Δ62-iD-TM4. Co-expression of Δ55-iD-TM4 with the Ndomain a1-trc increased I max values to 14% of wt I max (a1-trc+Δ55-iD-TM4 0.47 AE 0.22 nA, n = 26 compared to 3.12 AE 0.2 nA for wt) ( Table 2 ). Co-expression of a1-trc with Δ62-iD-TM4 generated receptor complexes with 75% of wt I rel (Fig. 7b, Table 2 ).
To further assess the influence of the myc-epitope at the Nterminal end of the C-domain on glycine sensitivity, we Fig. 6 Expression levels of truncated N-domains upon domain coexpression with C-domains at the cellular surface are indistinguishable from full-length GlyRa1 wt. (a) Detection of expressed GlyR a1 wt and GlyR domains upon co-expression in transfected HEK293 cells. The truncated GlyR a1 N-domain (a1-trc) and the C-domains were expressed alone and in co-expression. Whole-cell protein (WC) is compared to cell surface (SF) protein. Using the pan-a antibody MAb4a, the GlyR a1 full-length protein was detected at the appropriate molecular weight of 48 kDa, the truncated GlyR a1-trc at 38 kDa. All C-domains were N-terminally tagged with a myc-epitope to allow detection (myc-RRKRRΔ22-iD-TM4 15 kDa, myc-EEΔ55-iD-TM4 11 kDa and myc-EAEEΔ62-iD-TM4 10 kDa). Myc-tagged constructs were detected with the monoclonal c-myc antibody 9E10. Pan-cadherin (135 kDa) is a membrane protein and served as an internal control for the protein amount loaded. (b) Control of surface biotinylation using GFP transfected cells. GFP (32 kDa) was stained in the whole-cell (WC) pool, intracellular (IC, supernatant following incubation with streptavidin beads) pool and the surface (SF) pool. The intracellularexpressed GFP protein was not present in the cell surface pool. (c) Surface (white bars) and whole-cell (black bars) protein quantification from four independent experiments (n = 4). The amount of GlyR a1 wt or the N-domain a1-trc protein was quantified. The wt expression level was set to 100%. The amount of a1-trc in domain co-expression was estimated relative to wt expression levels. Significance values **p < 0.01, ***p < 0.001. (d) Quantification of the whole-cell and surface protein of the C-domains in single and co-expression with a1-trc. The C-domain myc-RRKRRΔ22 was the longest C-domain used and served as internal control (single expression of myc-RRKRRΔ22 was set to 100%). All other determined protein levels in single and coexpressions refer to myc-RRKRRΔ22, *p < 0.05, n.s. non-significant. performed dose-response experiments ( Fig. 7c and d , Table 2 ). Using seven glycine concentration between 3 and 3000 lM, the average EC 50 value of GlyRa1 wild type (91 AE 29 lM, n = 5) was indistinguishable from EC 50 of a1-trc upon co-expression with D22-iD-TM (95 AE 12 lM, n = 3) or D62-iD-TM4 (95 AE 5 lM, n = 4) ( Fig. 7c and d , Table 2 ). The same constructs exhibited I max that did not significantly differ from wt upon co-expression with a1-trc (Fig. 7b) . In contrast, the EC 50 showed a rightwards shift to higher glycine concentrations by a factor of~5-6 in presence of the myc-epitope (myc-iD-TM4 533 AE 75 lM, n = 4 and myc-D22-iD-TM 422 AE 173 lM, n = 4) after co-expression with a1-trc ( Fig. 7c and d, Table 2 ). Likewise, a~5-fold increase in EC 50 was observed for co-expression of iD-TM4 (460 AE 282 lM, n = 3). Although iD-TM4 lacks a mycepitope, similarly to a myc-epitope, this construct contains four negatively charged residues at the N-terminal end (Fig. 2) .
The addition of the myc-epitope at the N-terminal end of the C-domain seems to influence (i) the interaction between N-and C-terminal ends of the TM3-4 loop of GlyRa1, (ii) glycine efficacy, (iii) the intracellular interaction with the phospholipids or (iv) portal formation by a-helical formed subdomains.
Discussion
Proteins are characterized by domain structures. Swapping of homologous domains between closely related proteins without loss of function has been successfully demonstrated for different families of ion channels (Goyal et al. 2011; Meiselbach et al. 2014) . In contrast to domain swapping experiments, protein truncations often result in non-functionality. For the GlyR, truncations of the a1 subunit have been found in human patients suffering from hyperekplexia/startle disease. Similarly, the mouse model oscillator harbours a microdeletion that results in a1 protein truncation and loss of ion channel function. Truncation of the TM3-4 loop of the GABA A receptor subunit c2, detected in patients with generalized epilepsy with febrile seizures plus (GEFS+), results in accumulated truncated c2 protein in neurons, thereby initiating cell stress and neurodegenerative processes over time (Kang et al. 2015) . For the GlyR, it was demonstrated that the truncated GlyRa1 can be functionally rescued upon co-expression with the lacking C-domain (Villmann et al. 2009 ). It was speculated that both the Nterminal truncated GlyRa1 and the C-domain might interact via ionic interactions (Unterer et al. 2012) .
This project focuses on consequences of charged N-and C-terminal ends of complementing GlyR domains. The truncated N-terminal GlyRa1 sequences of both the human and the mouse variant end with a large stretch of positively charged residues 318 RRKRR. This motif is important for GlyR surface integration and was left intact to ensure plasma membrane expression (Sadtler et al. 2003) . Sequence modifications were introduced at the C-domain. Previous data with constructs lacking 22, 55 and 62 residues of the GlyRa1 Single expression myc-signal (C-domain) myc-RRKRRD22-iD-TM4 4 100 AE 5 100 AE 17 myc-EED55-iD-TM4 4 74 AE 9 4 0 AE 7 myc-EAEED62-iD-TM4 4 45 AE 11* 10 AE 4* Co-expression a1-trc + myc-RRKRRD22-iD-TM4 4 39 AE 14 28 AE 9 a1-trc + myc-EED55-iD-TM4 4 70 AE 11 87 AE 10 a1-trc + myc-EAEED62-iD-TM4 4 52 AE 15* 13 AE 5* p-values to demosntrate significance are p < 0.05*, p < 0.01**, p < 0.001*** TM3-4 loop exhibited reduced ion channel function (Unterer et al. 2012) . The GlyR a1 C-terminal variant myc-Δ62 was not able to restore ion channel function in co-expression with the truncated N-terminal domain. Construct Δ22 lacks four negatively and one positively charged residue of the TM3-4 loop. The deleted number of negatively charged residues was further enhanced to seven residues in Δ55 and Δ62. To test whether ionic intermolecular interactions are indeed underlying the mechanisms of ion channel rescue, positively charged residues were added to the N-terminus of the full-length C-domain (RRKRR-iD-TM4) and Δ22 (myc-RRKRRΔ22-iD-TM4), and negatively charged residues to the N-terminus of Δ55 (myc-EEΔ55-iD-TM4) and Δ62 (myc-EAEEΔ62-iD-TM4). At first, the Fig. 7 Functional ion channel reconstitution depends on the Nterminus of the C-domains. (a) Representative glycine-induced maximal currents for GlyR a1 wt, and domain co-expressions in a 1 : 2 ratio (a1-trc (1) + full-length C-domain myc-iD-TM4 (2) and a1-trc with constructs lacking the myc-epitope and harbouring basic or acidic residues at their N-terminal ends, or a C-domain with a C-terminal mycepitope = iD-TM4-myc). The construct a1-trc was also co-expressed with Δ22 variants (truncation of 22 residues from the TM3-4 loop AE basic residues 'RRKRR'), Δ55 (truncation of 55 residues from the TM3-4 loop AE acidic or polar residues 'EE' and 'AA') and Δ62 (truncation of 62 residues from the TM3-4 loop AE acidic or polar residues 'EAEE', 'AAAA' with or without the myc-epitope). The agonist was present for 2 s indicated by the black line above the traces. (b) Bar diagram representing the quantitative analysis of relative I max values upon glycine activation (1 mM) of wt (white bar) and co-expressions of N-domain (a1-trc) with C-domain variants: iD-TM4 constructs (striped), Δ22 variants (black), Δ55 variants (light grey) and Δ62 constructs (dark grey). Results are from at least three independent sets of experiments (absolute I max values and numbers of cells recorded are shown in Table 2 ). Shown are relative I max currents [%] AE SEM, *p < 0.05, **p < 0.01, ***p < 0.001, n.s. non-significant. (c) Dose-response relationships for full-length a1 wt and a1-trc+iD-TM4 (dashed line), a1-trc+myc-iD-TM4 (dotted line) and a1-trc+Δ62-iD-TM4 (dasheddotted line). (d) Glycine dose-response curves for a1-trc+Δ22-iD-TM4 (dashed line) and a1-trc+myc-Δ22-iD-TM4 (dotted line) compared to wt (solid line). Glycine concentrations ranged from 3 lM to 3000 lM. For a1-trc+myc-iD-TM4, 10 mM glycine was also measured to reach saturation. The number of recorded cells for dose-response curves varied between 3 and 5 (see also Table 2 ).
expression analysis revealed expression patterns of the three C-domains. Even though, the truncated N-domain was expressed in transfected HEK293 cells. In all domain complementations, the truncated N-domain a1-trc as well as the C-domains were transported towards the cellular surface. The C-domain myc-EEAEΔ62 only showed a significantly decreased surface protein amount when coexpressed with the N-domain compared to single expressions. Basic motifs at both ends of the GlyR intracellular domain (ICD) have been reported to determine trafficking, Gbc protein binding and being part of a nucleosomal recognition sequence (Yevenes et al. 2008; Villmann et al. 2009; Melzer et al. 2010) . Studies of GlyR-GLIC chimera with and without intracellular basic domains further revealed that the motifs 318 RRKRR at the N-terminal end and 393 KKIDK at the C-terminal end of GlyR ICD are required for correct cell surface integration . Constructs Δ22, Δ55 and Δ62 harbour the 393 KKIDK subdomain and are therefore probably not affected in receptor transport. The correct orientation accordingly to GlyR topology of these C-domains was proven by lack of detection without permeabilization of the transfected cells. Hence, prerequisites for generation of functional GlyR ion channels, such as expression and correct orientation, were fulfilled. It is believed that receptor domains assemble within the ER as pentamers followed by ER exit and co-transport to the cellular membrane (Griffon et al. 1999) . In other Cysloop receptors, e.g. for the nicotinic acetylcholine receptors this process is controlled by RER1 (retention in endoplasmic reticulum sorting receptor 1), a control protein for ER exit (Keller and Taylor 1999; Valkova et al. 2011) . If similar control mechanisms exist for the GlyR remains unknown.
Charged subdomains of the TM3-4 loop form an a-helical arrangement close to the transmembrane domains (BaptistaHon et al. 2013; Burgos et al. 2015) with basic residues being important determinants for ion channel conductance. The addition of positively charged residues to constructs iD-TM4 (RRKRR-iD-TM4) and Δ22 (myc-RRKRRΔ22-iD-TM4) resulted in decreased glycine-gated maximal currents in coexpressions with the truncated GlyR N-domain compared to Δ22 lacking additional positively charged residues. A similar reduction in I max has been found earlier in co-expressions of the truncated GlyRa1 together with a modified full-length Cdomain (Villmann et al. 2009 ) arguing for repulsion between positively charged ends of the N-and C-domains.
C-domain variants Δ55 (myc-EEΔ55-iD-TM4) and Δ62 (myc-EAEEΔ62-iD-TM4) resulted in non-functionality upon co-expression with the N-domain a1-trc. Thus, the proposed interaction is probably not caused by a simple ionic interaction between positively charged C-terminus of the N-domain and a negatively charged N-terminus of the GlyR C-domain. The integrity of the positively charged amino acids close to TM3 and TM4 of the ICD is essential to retaining the overall ability of the receptor for correct folding and ion channel function (Sadtler et al. 2003; Melzer et al. 2010; Langlhofer et al. 2015) . Furthermore, the basic residues are the main determinants for cytoplasmic portal formation enabling a funnel for incoming ions (Kelley et al. 2003; Baptista-Hon et al. 2013) . The presence of negatively charged residues in close proximity to basic portals might disrupt their function as attractants for incoming chloride ions and result in intradomain interference between negatively and positively charged residues. Supporting the importance of basic residues 393 KK close to TM4 (part of the membrane-associated (MA) a-helical stretch) for ion channel properties, single-channel conductance was significantly decreased when these residues were mutated, but the overall current potency was unaffected (Unwin 2005; Carland et al. 2009 ). Our hypothesis of an intra-molecular hindrance was further confirmed by analysis of the myc-epitope sequence present at the N-terminus of the C-domains. Deletion of the myc-epitope led to a 10-fold increase in efficacy of ion channel reconstitution by GlyRdomain co-expression compared to the same co-expressions in the presence of the myc-epitope. For the C-domain Δ62 harbouring 10 residues from the original TM3-4 loop including the motif 393 KKID, ion channel function was largely abolished in the presence of the myc-epitope in domain co-expressions. The deletion of the myc-epitope comprising negatively and positively charged residues increased the maximal glycine-gated currents to 75% of wild-type levels. The GlyR efficacy was also affected by the presence of the myc-epitope. If domain complementations generated maximal currents indistinguishable from wt, the glycine concentration able to open 50% of the generated GlyR channels was also comparable to wt. In contrast, coexpression of GlyRa1 N-and C-domains (with C-domains harbouring a myc-epitope) leading to reduced glycine-gated currents exhibited a five-to sixfold reduced glycine efficacy. These data on the myc-epitope suggest that the myc-epitope either sterically hinders the inter-domain interactions between the N-and C-domains or sterically abolishes the proximity of TM3 and 4 which is a prerequisite for ion channel opening (Haeger et al. 2010) . Furthermore, addition of the mycepitope to the extracellular C-terminus of iD-TM4 (iD-TM4-myc) completely abolished the potency of this C-domain to restore ion channel function, although properly expressed at the cell surface of transfected cells. This observation is in line with studies demonstrating that modifications in TM4 or the C-terminus significantly alter GlyR function (Villmann et al. 2009; Haeger et al. 2010) . A third possibility is that the mycepitope favours an intramolecular interaction within the Cdomain that restrains the basic residues from its function as attractant for incoming chloride ions.
Recently solved X-ray structures of GABA A b3, Glu-Cl, the GlyRa3 and the cryoelectron microscopy structure of GlyRa1 lacked the large intracellular domain (Althoff et al. 2014; Miller and Aricescu 2014; Du et al. 2015; Huang et al. 2015) . These modified GlyRs used for crystallization carried still GlyR-specific properties, e.g. binding of strychnine, ivermectin and glycine as well as blocking by picrotoxin. A replacement of the large GlyR TM3-4 loop by small loop sequences from prokaryotic GLIC receptors produced large differences in the desensitization entry rather than affecting deactivation processes (Papke and Grosman 2014; Langlhofer et al. 2015) . The TM3-4 loop acts as a site for post-translational modifications and modulation of desensitization kinetics (Langlhofer and Villmann 2016) . Lack of large portions of the TM3-4 loop sequences did, however, not result in non-functionality arguing that the small residual basic subdomains close to TM3 and 4 are sufficient to enable functional ion channel formation. Although we cannot rule out that other ion channel properties are affected by domain co-expression, our data facilitate the significance of basic residues in proximity to TM3 and 4 for ion channel function and structure not only in the consecutive full-length GlyR but also in domain co-expressions. The presence of subdomains 317 RFRRKRRH 324 and 391 RAKKIDK 397 forming a-helical elements (Burgos et al. 2015) is required for GlyR function by their attractiveness for incoming chloride ion and/or interactions with the negatively charged phospholipids that are in close neighbourhood.
